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Abstract

Background: Three-dimensional (3D) brain proton MR spectroscopic imaging (*H MRSI)
facilitates simultaneous metabolic profiling of multiple loci, at higher, sub 1 cm?3, spatial
resolution than single-voxel 1H MRS with ability to separate tissue-type partial volume
contribution(s).

Purpose: To determine if: (@) white matter (WM) damage in mild traumatic brain injury (mTBI)
is homogeneously-diffuse, or if specific regions are more affected; (4) partial-volume corrected,
structure-specific 1H MRSI voxel averaging is sensitive to regional WM metabolic abnormalities.

Study type: Retrospective cross-sectional cohort study.
Population: 27 subjects: 15 symptomatic mTBI patients, 12 matched controls.

Field strength/sequence: 3 T using 3D *H MRSI over a 360 cm?3 volume-of-interest (VOI)
centered over the corpus callosum, partitioned into 480 voxels, each 0.75 cm3.

Assessment: N-acetyl-aspartate (NAA), creatine, choline and myo-inositol concentrations
estimated in predominantly WM regions: body, genu and splenium of the corpus callosum, corona
radiata, frontal and occipital WM.

Statistical tests: ANCOVA to compare patients with controls in terms of regional
concentrations. The effect sizes (Cohen’s @) of the mean differences were compared across regions
and with previously published global data obtained with linear regression of the WM over the
entire VVOI in the same dataset.

Results: Despite patients’ globa/ VOl WM NAA being significantly lower than the controls’, no
regional differences were observed for any metabolite. Regional NAA comparisons, however, were
allunidirectional (patients” NAA concentration < controls’) within a narrow range: 0.3< Cohen’s ¢
<0.6.
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Data conclusion: Since the patient group was symptomatic and exhibiting global WM NAA
deficits, these findings suggest: () diffuse axonal mTBI damage; that is (&) below the 1H MRSI
detection threshold in small regions. Therefore, larger, /.e., more sensitive single-voxel 1H MRS,
placed anywhere in WM regions may be well suited for mTBI 1H MRS studies, given that these
results are confirmed in other cohorts.
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INTRODUCTION

Mild traumatic brain injury (mTBI), the most common type of head trauma, is a leading
public health problem (1). While most victims make full recovery, a subset report persisting
post-concussive symptoms (PCS), which result in personal suffering and an estimated $17
billion annual loss for the US economy (2). Currently, there are two main clinical measures
of mTBI sequelae: the Glasgow Coma Scale (GCS) score and head CT (3). Both are critical
for acute triage, but have no utility thereafter for the typical mTBI patient who reports PCS
despite normal neurological (GCS score of 15) and radiological exams. Consequently, a
major research focus in mTBI imaging is on approaches that are sensitive to the microscopic
damage known to exist in normal-appearing (on CT and clinical ( 74/ T>weighted) MRI)
brain tissue.

Basic science studies have unequivocally established that the most common injury site in
TBI of all severities, is the brain’s white matter (WM) (4). The sudden change in
acceleration associated with a TBI results in mechanical strain which starts a pathological
cascade of microstructural, as well as metabolic changes (5). Diffusion tensor imaging (DTI)
is well-suited to investigate the former, while proton MR spectroscopy (*H MRS) can
potentially detect the latter. Consequently, both techniques have been extensively used in
TBI (3, 6).

Transitioning these modalities to the clinic, however, has been stymied by uncertainty as to
which of several available regional or global approaches provides the best classification of
normal versus injured tissue. TBI has been studied with single-voxel (7, 8) 1H MRS (typical
size 3.5-8 cmd), and multi-voxel *H MRSI (9-11) with its typical volumes-of-interest
(VOI) »100 cm?3. The latter also facilitates higher spatial resolution, <1 cm3, simultaneous
acquisition of all loci, and the separation of the white and gray matter (WM, GM)
contribution in the entire VOI in post-processing using linear regression (12, 13). The main
difficulty with single-voxel methods is inefficiency, examining only one or sequentially few
loci; and since a single spectrum is obtained from a (relatively) large voxel, discerning its
WM from the GM contribution is impossible. The main issue with 1H MRSI is that its
smaller voxels’ signal-to-noise-ratio (SNR) is often insufficient to detect mTBI changes.
Consequently, neither method can easily answer whether mTBI WM pathology is
homogeneously-diffuse or multi-focal and if the latter, how many and where those foci
might be.
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To address this, two *H MRSI approaches for assessing WM injury are compared in terms of
statistical significance and effect size: regional voxel averaging and global linear regression.
Previously, with the latter approach we found lower WM r-acetyl-aspartate (NAA) in a
cohort of symptomatic mTBI patients (14). In the current study we use voxel averaging in
the same dataset to study regional WM metabolism. By comparing the results and effect
sizes across the different WM regions and to those obtained with global linear regression we
aimed to determine if: (@) WM damage is homogeneously-diffuse, or if specific regions are
more affected; () partial-volume corrected, structure-specific tH MRSI voxel averaging is
sensitive to regional WM metabolic abnormalities. Answering the questions above would
allow us to provide empirical motivation for selecting a particular WM region or post-
processing strategy in future studies aiming for maximum sensitivity to WM injury in mTBI.

MATERIALS AND METHODS

Human Subjects

This is a retrospective analysis of data from 15 PCS-positive mTBI patients (mean age 36,
range 18-51, four females) and 12 age- and gender-matched controls (mean age 34, range
19-52, four females) for whom global linear regression analysis has been reported (14).
Originally these subjects were part of a larger cohort (13), but subsequent dichotomization
into PCS-negative and PCS-positive patient groups revealed metabolic differences compared
to controls only in the latter (14). Because a cohort with known global injury was needed to
test our hypotheses, the current study examined only the PCS-positive patient group. The
inclusion criteria were GCS score 15-13, less than 30 minutes loss of consciousness (LOC)
and post-traumatic amnesia (PTA) of less than 24 hours. Controls were entered into the
study after providing negative answers to a list of disqualifying neurological conditions and
reporting no MRI contraindications. The T1- and T2-weighted imaging of all subjects was
independently reviewed by a board certified neuroradiologist with certificate of added
qualification with 15 years of experience (Y.W.L.), and a neuroimaging researcher with 10
years of experience (1.1.K.). The MRI criteria for including controls into the study were lack
of pathologic findings, including stroke, hemorrhage, mass, or other imaging evidence of
neurological disease. The study was approved by the Institutional Review Board, and signed
informed consent was obtained from all participants.

Data Acquisition

The study was done at 3 T with a transmit-receive head-coil, as described previously (13).
Briefly, FLAIR and MPRAGE MRI were used to image-guide the 1H MRSI VOI over the
corpus callosum (CC), as shown in Figure 1A-C. Custom auto-shim software then adjusted
the scanner’s first and second order currents (15). A 10 cm anterior-posterior (AP)x8 cm
left-right (LR)x4.5 cm inferior-superior (1S)=360 cm3 VOI was excited with TE/
TR=35/1800 ms PRESS in three second-order Hadamard encoded slabs (6 0.75 cm thick
slices,) interleaved every TR along the IS direction, as shown in Figure 1B,C for optimal
SNR and spatial coverage (16). The slabs were partitioned with 16x16 (APXLR) chemical
shift imaging, as shown in Figure 1A, yielding 80 voxels, 1.0x1.0x0.75 cm3 each. At two
averages, the IH MRSI took 34 minutes and the entire protocol just under an hour.
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Segmentation

A medical student (M.S.D.) with 2 years of experience in neuroimaging research used
freely- available software (“FireVoxel” (17)) to manually outline the corona radiata, CC
body, genu and splenium, frontal and occipital WM ROIs on each subject’s axial MPRAGE
MRI, using DT atlas parcellations guidance (18), as shown in Figures 1, 2. These six
regions have been reported as most commonly injured in TBI, based on previous 1H MRS
(6, 19), DTI (20), and histopathology (21-23). Brain GM and CSF masks were segmented
with SPM2 (24).

Metabolic quantification

The IH MRSI data were processed as described previously (13). Phantom replacement was
used to convert spectral-fitted line area estimates, using Soher et a/.’s SIFiTTools (25), into
absolute millimolar concentrations. Relaxation times differences between each metabolite /n

] . . ) y _
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The following TY’“’ values reported at 3 T were used for NAA, Cr, Cho and ml: 1360, 1300,
1145, 1170 ms (26). Region-specific T;ivo values at 3 T were available for NAA, Cr and Cho
(average T3 = 374, 185, 238) (27), while for ml, 75" = 200 ms (28) was used for all ROIs.
The NAA, Cr, Cho and ml relaxation values in the phantom were TY“’" = 605, 336, 235, 319

ms and 75" = 483, 288, 200, 233 ms (29).
Spectral quality control comprised excluding the metabolites whose Cramer-Rao lower
bounds (CRLB) were >20% (30); and rejecting “outliers,” /.e., exceeding x3 standard
deviations (SD) from the mean of all voxels (31). The global WM metabolic concentrations
were obtained with linear regression over all the VOI voxels (12, 13).

Partial volume considerations

Due to the relatively coarse 'H MRSI spatial resolution relative to the sizes and shapes of
the investigated regions (See Figures 1, 2), GM and cerebrospinal fluid (CSF) partial volume
need to be accounted for. This was achieved in the following manner. All voxels with CSF
fraction (f-sg) 0.3, (causing lower SNR, hence, higher CRLB), were excluded. Metabolic
concentrations in the remaining voxels were normalized by dividing by (1-fcsg). To reduce
GM signal contributions from adjacent basal ganglia and cortex, all voxels with 7g,>0.3
were also excluded. To ensure sampling of voxels with a predominant WM ROI content, an
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acceptance threshold of 7,20.5 was applied for the CC structures (higher £y,

excluded >50% of subject data). However, for the larger WM regions, namely the corona
radiata, occipital and frontal WM, using fi;,,20.5 included a number of voxels with partial
volume of adjacent WM, as well as some GM-containing voxels (0.3> fiyp,>0). To
counteract this effect, higher thresholds were used for the frontal and occipital WM
(funp0.7), and for the corona radiata (fiyp,»0.8). These thresholds were found to best: (/)
prevent data loss, which would have affected the comparisons with the published global data
from these cohorts, while (/7) keeping the voxel number as similar as possible across all
ROls, in order to exclude very different measurement precision amongst the regions. Finally,
we averaged the metabolites’ data from all voxels that survived these criteria and'fell within
the structure mask (see Figure 2A-E).

Statistical analysis

RESULTS

ANCOVA was used to compare patients with controls’ metabolite concentrations within
each region while adjusting for potential confounding effects of age and gender. For each
ROI, the number of voxels in each subject was included in the analysis as a weighting factor
in order to adjust for inter-subject variation in the precision with which each metabolite was
measured. The error variance was allowed to differ across comparison groups to avoid the
assumption of variance homogeneity. The normality assumption underlying each analysis
was assessed with a Shapiro-Wilk test to the residuals from each ANCOVA model.
Rejection of the assumption of normality for any combination of metabolite and region led
to the analysis being repeated with the vector of ranks of metabolite levels in that region
being used instead, as dependent variable. There was no one instance where the distribution
of the residuals from an analysis based on ranks was found to be significantly different from
normal. Cohen’s d, providing a measure of effect size, was defined as the difference between
the concentration means divided by the pooled SD:

. X,-X
- I, = 1)52 4+ (n, = DS2)] / (n,, + 0, ~2)

c

O]

where 11, 1, X, X and Sp, S denote the patients’ and controls sample size, mean and SD.
p e

Coefficients of variation (CVs = SD/mean x100%) were calculated. All tests were conducted
at the two-sided 5% significance level using SAS 9.3 (SAS Institute, Cary, NC).

Patient demographics, symptoms, MRI findings and duration of LOC and PTA are compiled
in Table 1. Sample spectra from one of the six 1H MRSl slices from a patient is shown in
Figure 1D. The partial volume and spectra quality control thresholds resulted in voxels for
the body of the CC only in 2 controls and 5 patients and therefore this region was excluded
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from further analysis. All patients and controls contributed data for each of the other
structures, except patient #6 in Table 1, who did not contribute to the genu of the CC, and
one control (30 year old male) who did not contribute to frontal WM. Examples of voxel
selection based on the outlined ROIs and spectra passing the selection criteria, are shown in
Figure 1 for the body of the corpus callosum and corona radiata, and in Figure 2 for the
genu, splenium, occipital and frontal WM

The distribution of model residuals was found to be significantly different from the normal
distribution for ml in the frontal (4=0.006) and occipital (4=0.006) WM, and for Cho and
NAA in the corona radiata (p=0.011 and 0.026). Therefore, the comparison of patients to
controls in terms of these metabolite levels in these WM ROIs was based on ranks.

Controls’ and patients’ average£SD metabolite concentrations in each ROI, are compiled in
Table 2. There were no significant differences between the cohorts in any metabolite in any
ROI (all p=0.2), even before multiple comparisons correction. However, the patients” mean
and median NAA concentrations were lower than controls’ in all ROIs (Table2 and Figure
3). Cohen’s dfor these comparisons ranged from 0.3 — 0.6, much smaller than the 1.7 found
for statistically significant result of the comparison of these patients’ and controls’ global
WM NAA (14).

DISCUSSION

Our focus on WM stems from the knowledge that torsional axonal injury is the most
common sequela in TBI of all severities, as shown by /n vitroand in vivo histopathological
studies (4, 5). Fortunately, sampling predominantly WM VOlIs that are large enough to yield
both SNR and reproducibility to detect mTBI metabolic variations, is not technically
difficult with the standard, single-voxel 1H MRS sequences which have been available on all
major manufacturers’ scanners for over two decades. Indeed, a substantial body of the 1H
MRS TBI literature has, consequently, focused on WM injury using this technique.
Unfortunately, since (%) only a single 3-8 cm3 VOI is almost always acquired; and j7) mTBI
rarely, <20% of cases, results in MRI-visible pathology to guide that VOI, investigators are
forced to make an ad hoc assumption where that pathology might be.

This practice led to several confounding obstacles. First, if a pathology is detected, it is
impossible to ascertain if the outcome was just incidental or the result of carefully planned
placement. This is especially true considering the heterogeneity of the injury location, type
and extent. Second, it is impossible to conclude whether other location(s) are also affected
and to what extent. Third, due to the low spatial resolution, it is not even possible to
ascertain whether a//the WM in the single-voxel is affected, since if not, the “healthy” WM
partial volume will reduce the sensitivity to the fractional pathology. Finally, fourth, it is not
possible to ascertain, with single-voxel 1H MRS, whether mTBI damage is homogeneously-
diffuse, inhomogeneously-diffuse or discrete multi focal.

1H MRSI, also available for a long time as product sequences on commercial scanners, with
its hundreds, even thousands of voxels, over most (even all) the brain, at an order of
magnitude better spatial resolution, has, at least theoretically, a potential to address all these
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obstacles (32, 33). Unfortunately, this advantage, especially (much) smaller voxels, come at
the cost of lower voxel SNR, /.e., sensitivity to changes, perhaps leading to frequent negative
or variable findings. This motivated us to restrict our study cohort to mTBI patients with
known metabolic deficits in a large VOI containing ~40% of their WM (14). The H MRSI
localization grid in these VOIs, then, allowed us to resample the same data and leverage its
finer localization, to test whether regional, structure-specific regions, also exhibit detectable
differences. This choice narrowed the questions to only that of sufficient sensitivity, not
whether or not there is a difference in the first place.

Using linear regression on this dataset, lower global WM NAA was previously found in
patients compared to controls (14). Since that approach was by design sensitive to
widespread abnormalities (12, 13), it was expected for the current study that most regions
would show the same result. Surprisingly, there were no statistically significant differences
within any WM ROI, but in line with the notion of widespread injury, we observed lower
patients” mean and median NAA concentrations in every region. This, along with the finding
of similar effect sizes across all regions, is consistent with the interpretation that injury was
truly homogeneously-diffuse, 7.e. no region was spared, but also that no region had
sufficiently high injury magnitude to yield a statistically significant finding when examined
with regional voxel averaging.

The similarity in the Cohen’s d'values was due to the narrow ranges of the numerator and
denominator of Eq. [2]: 6%—8% for the difference in average NAA concentrations in
patients and controls and 15%-21% for the average CVs of the regional analysis. The
implications of these findings are discussed below.

The previous global analyses revealed no Cr, Cho or ml abnormalities (14). This could be
the outcome of three possible scenarios in a regional analysis: (#) no patients - controls
differences in any region; (/i) differences in only few foci, since a global approach is
insensitive to changes in a few voxels; (/7/) multifocal, but variable differences, e.g. higher
levels in some regions, offset by lower in others, e.g., Cr, reported elevated in the CC (9), but
decreased in frontal WM (34). Our results reveal no significant Cr, Cho or ml findings in any
region, /.e., scenario (7) pertains. In contrast with the NAA, there was no consistent behavior
of their concentrations in patients versus controls. One possible reason for the lack of Cho
findings may be our cohort’s “milder” TBI (lower GCS range of 13), compared to the type
studied in the 1H MRSI studies reporting increased Cho (lower GCS range of 10 (33) and 6
(35)). It is therefore possible that elevations of Cho indicate a higher level of injury, or are
confined to focal GM regions. While it is not clear if Cr changes are to be expected in TBI,
the reports of altered levels (9, 10, 33, 35) indicate that both higher and lower concentrations
may result, underscoring the caution needed when metabolic ratios with Cr as the
denominator are used for quantification.

Studies that examined multiple WM regions support the assertion that, when present,
metabolic changes in mTBI patients are widespread and not confined to single regions.
Evidence of this was provided as early as the first multivoxel 1H MRSI application in mTBI,
which found lower NAA/Cr and higher Cho/Cr in almost all ROls, but only in a minority of
cases were these differences statistically significant (32). These findings were replicated in
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two subsequent *H MRSI publications. In the first one, all eight WM ROIs showed the same
trends for these ratios, as well as individually for lower NAA and higher Cho (33). Similarly,
only some were significant. Of note, more severe TBI showed the same metabolic pattern,
but the differences were of higher magnitude and hence were more often statistically
significant (33). While the second study performed a voxel-based, rather than an ROI
analysis, the results were again similar: multiple brain regions showed metabolic
abnormalities, which were most pronounced in the more disabled patients (35). It is
therefore possible that in light of this study, negative findings in regional WM represent lack
of statistical power (sensitivity) rather than absent injury.

A major finding of this study was that, compared to regional voxel averaging, global linear
regression had better sensitivity to discriminate patients from controls. Together with the
finding of similar, small effect sizes in the regional NAA analysis, this suggests that to detect
axonal injury, sensitivity may be more important than the choice of WM region, i.e,,
localization. Specifically, the difference in patients” NAA concentration and the controls’ in
any WM ROI, would have been detected with an approach yielding CVs of 6-8%. This
would be achievable with single-voxel 1H MRS (36, 37), which can be used without concern
for WM partial volume: if indeed WM injury is relatively homogeneous, small inter-scan
differences in voxel placement within pure WM could be inconsequential. Since
reproducibility (sensitivity) depends on a number of experimental factors such as single-
voxel sequence, scanner magnetic field and fitting software, we cannot recommend a
particular voxel size or placement until the results are validated with single-voxel *H MRS
in an independent cohort. However, given these provisos, it may be hypothesized that ~(6
cm)3 voxel placed carefully (with images on all 3 planes) in the centrum semiovale could be
a reasonable choice for studying WM injury in mTBI.

As shown in the current study, g/obal approaches may also have a role, since they yield
comparable CVs «8% (12, 38, 39), due to combining many voxels’ data. Given the IH MRS
evidence of diffuse injury in other cohorts (32, 33, 40), global *H MRSI approaches in TBI
are warranted and indeed used (9-11).

We note the following limitations. First, since all mTBI patients were PCS-positive, it is
unknown if the results reported herein are also pertinent to cohorts with different clinical
presentation, in particular given that metabolic abnormalities may resolve after the
resolution of PCS (7). Second, the cohort is composed of patients scanned within a range of
3 to 55 days post-injury, which may reduce the sensitivity of the 1TH MRS measurement,
since findings are likely to be different as metabolic recovery, or lack thereof, occurs. This
heterogeneity may also explain the lack of findings in Cho and ml, metabolites shown to
change in other cohorts (6). The above limitations can be addressed in a more complicated
longitudinal study with narrower injury ranges and separating the patients in groups of
resolved and unresolved PCS. Third, since each structure comprised only few voxels, it was
not practical to differentiate GM from WM contribution beyond the 74, criterion. Possible
GM fractional-volume may decrease the sensitivity to WM injury. Fourth, although care was
taken to prevent head motion during the scan, localization errors due to subtle patient
movement are possible given the small volumes of the examined ROIs. In addition, while a
15 patient cohort may seem modest, the finding of lower, albeit not statistically significant
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NAA concentrations in all structures will not likely benefit from an increased A since: (7) the
lack of significance may reflect the heterogeneity of the mTBI insult; and (77) group averages
while instructive as a characterization, may not be particularly meaningful for individual
patients undergoing diagnosis or treatment response monitoring.

In conclusion, regional WM analysis of 1H MRSI data revealed consistent lower NAA
concentrations in patients versus controls, with comparable effect sizes across all ROIs, but
no statistical significance. Since these cohorts were also (previously) studied with a global
WM measures, benefiting from much increased sensitivity, the present findings suggest that
axonal injury is truly homogeneously-diffuse not multi-focal, and that the sensitivity of 1H
MRSI at clinical (3 T) field, <1 cm?3 voxels and ~half an hour acquisition may be insufficient
to detect regional differences in few cm3 volume typical of WM brain structures. Since
single-voxel *H MRS yielding reproducibility CVs of under 8% would have detected a
difference in NAA between patients and controls in any WM ROI, a single voxel 1H MRS
VOlI, placed anywhere in WM may be the simplest approach for this modality in mTBI. This
conjecture has important implications for clinical H MRS and therefore should be tested in
a new dataset.
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Fig. 1.
Left (A-C): Patient #12’s axial, sagittal and coronal T1-weighted MPRAGE MRI

superimposed with the 1H MRSI’s FOV, VOI and localization grid (dashed, solid thick and
thin white frames) and the outlines of the bilateral corona radiata (a, a”) and body of the CC
(b). Right, top (D): Real part of the 8x10 (LRxAP) 1H spectra matrix from the spectroscopic
slice on A (grayed lines). Spectra from the corresponding WM ROls are in black traces.
Right, bottom (E): Magnified spectra from the corona radiata voxels, a, a’ superimposed on
their fitted model functions (gray lines). Note: (a) spectral resolution; (5) signal-to-noise
ratio in these 0.75 cm3 voxels; and () the fidelity of the fitting procedure.
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Fig. 2.
Left, top (A, B): Patient #9’s axial T1-weighted MPRAGE overlaid with the manually

outlined genu (a) and splenium (b) of the CC (A); and their corresponding partial volume-
controlled voxels (B). Note almost complete absence of GM and CSF in these voxels,
increasing the accuracy of the measurement. Left, bottom (C, D): Manually outlined
bilateral frontal (c, ¢’) and occipital (d, d”) WM and their corresponding voxels. Right, top:
(E) 3D rendering of the segmented genu within one, 0.75 cm-thick, 1H MRSI slice, with
voxels, indicated “1” and “2” on B. Note: these voxels comprise mostly genu tissue, due to
the minimal tissue mask requirement and GM/CSF partial volume control. Right, bottom:
(F) The spectra from the genu voxels in E with their fitted function (gray lines). Note that
despite the proximity of frontal sinuses which can degrade spectral quality, there is only
slight increase in linewidth compared to spectra distal to sources of magnetic susceptibility,
e.g., corona radiata (¢f. Fig. 1). The increase does not affect the quantification or degrade the
ability to resolve Cr from Cho at 3.0 and 3.2 ppm.
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Fig. 3.

ng plots showing the 15t, 21 (median), and 3" quartiles (box), +95% (whiskers), means
(#) and outliers (*) of the NAA absolute concentration distributions of the controls and
patients with PCS mTBI for each WM ROI. Above each box plot pair are the p value from
the analysis of covariance and the Cohen’s d'value as a measure of the effect size. Note that
(a) despite lack of significant differences for any WM ROI, for each case the median (and
mean) of the patients’ NAA concentration is /owerthan the controls’; and (&) the Cohen’s d
values are all within a relatively narrow range, from 0.3 (genu) to 0.6 (frontal WM). Since
the patients’ average global WM NAA level was significantly lower than their controls (14),
these distributions seem to imply the presence of diffuse injury across all WM ROIs which
is, however, beneath the sensitivity threshold of the 1H MRSI regional analysis.
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Table 1.

Patient demographics, clinical data, symptoms and MRI findings, sorted by time from injury.
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Patient gg)e;/ C—I;—aﬁée GCS dul_l'gt?on fDrz)rls Symptomsl T1- and T,-weighted imaging findings
(minutes) mTBI

1 40/M Fall 15 3 3 \% None

2 41/M Fall 15 <1 5 H,D, S “

3 42/IM Fall 14 5 5 H, S, M *

4 22/M Assault 13 30 6 H *

5 25/M Assault 15 25 10 H Right frontal convexity arachnoid cyst

6 32/M Assault 15 2 17 H,D,S,M None

7 23/IM Assault 15 30 18 H,D,M *

8 18/M  Ped/Auto 15 15 19 H,D,M “

9 51/M MVA 14 30 19 H Few punctate foci of abnormal T2 hyperintensities in frontal
and parietal lobe subcortical WM with nonspecific etiology

10 37/M Fall 15 2 20 H,D None

11 51/F Bike fall 14 30 20 H,D, S Stable right cerebellopontine angle arachnoid cyst

12 28/F  Bike/Auto 15 20 29 H,D, S None

13 32/F Fall 15 1 43 D,M “

14 44/F  Ped/Auto 15 <1 54 D,M *

15 50/M Fall 15 <1 55 H,D,SSM *“

GCS - Glasgow Coma Scale

LOC - loss of consciousness

D - dizziness, H - headache, M — memory deficits, S - sleep disturbance, V - blurred vision.
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Table 2.

Metabolic concentrations (averagexstandard deviation) in millimolar (mM) in each WM ROI within controls
(C) and patients (P)

Cohort Voxel Concentration (mM)
number NAA Cr Cho ml
Cc 3+1 7716 5.2+21 15+05 5.2+10
Genu P 2+1 7.3x15 6.2#1.2 16+04 53+16
Corpus Callosum pvalue 0.88 0.20 0.71 0.71
C 4+2 9.1+16 42+12 13403 4.8+1.1
Splenium P 4+2 8.4+1.7 4.4+0.7 1.3+0.2 5.0%1.0
pvalue 0.73 0.75 0.96 0.37
C 6+3 9.3x15 6.5%#1.3 19+04 5.6+1.2
Corona Radiata P 6+4  87+13 62409 1.8+02 54411
pvalue 0317 0.40 030? 0.57
C 2+1 8.4+15 59+15 1.8+0.3 5.6%1.2
Frontal WM P 32 77409 59412 1804 6.4+17
pvalue 0.20 0.97 084 oot
C 3+1 7.7£1.3 4.8+1.0 15+0.3 5.1+1.1
Occipital WM P 52 7.2¢0.9 4.9+09 16403 5508
pvalue 0.20 0.96 055  (a39f

Shown for each ROI is the number of voxels (averagetstandard deviation) used for calculating the corresponding concentrations.

The pvalues are from the ANCOVA comparing patients to controls in terms of their metabolite concentrations in each ROI.

1 . . _— . .
pvalue was derived from an analysis based on ranks due to rejection of the assumption of normality.
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